Strawberry-flavored probiotic dairy beverages (2% vol/vol Lactobacillus acidophilus) were produced using 0, 20, 35, 50, 65, and 80% (vol/vol) whey in their formulations. Mathematical models (survival analysis, minimal significant difference, and mean global acceptance) were used to identify the optimal (sensorially) whey concentration in probiotic beverages. Fifty-five consumers evaluated acceptance of the beverages using hybrid 9-point hedonic scales. In addition, Lb. acidophilus were enumerated and pH was determined. Rheological behavior is an important characteristic for the processing and sensory acceptance of dairy beverages, varying with the presence of additives, fermentation process (time, bacterial strain), and whey concentrations used. All beverages presented minimal counts of 8 log cfu/mL of Lb. acidophilus, and pH ranged from 4.09 to 4.14. Increasing the whey content increased the fragility of the gel structure, probably because of the replacement of casein by whey proteins, once the concentrations of other ingredients in formulation were fixed. Whey content had a significant effect on acceptance of the probiotic dairy beverages; beverages with whey contents greater than 65% resulted in lower acceptance by consumers. The model of mean global acceptance presented 2 solutions with high sensory scores: beverages with 12 and 65% whey, the latter being of interest because it allows greater use of the whey by-product. The Weibull distribution presented a prediction of whey concentration of 49%, with higher sensory acceptance. The methodologies used in this research were shown to be useful in determining the constituents of food formulations, especially for wheybased probiotic beverages.
INTRODUCTION
Dairy beverages are produced from milk or its derivatives, with or without the addition of other ingredients, in which the dairy base represents at least 51% (vol/ vol) of the formulation, and can be submitted to a fermentation process using yogurt cultures (Brazil, 2005) . In 2010, Brazil imported US$39 million in whey and exported US$8,145 . The data show a high demand for cheese whey, because Brazilian consumption of whey-based foods and beverages is also high. The consumption of dairy beverages is mainly associated with the consumption of yogurt, due to their similar sensory properties and the healthy habits of consumers (Zhu et al., 2009) .
From the technological viewpoint, the main difference between yogurt and fermented dairy beverages is the addition of whey to the latter, which results in lower viscosity. The physical characteristics of dairy products may be affected by factors such as composition and heat treatment of milk, breaking of the gel, the use of stabilizers, the microbial culture used (Nielsen, 1975; Parnell-Clunies et al., 1986; Hassan et al., 1996) , and the storage conditions until the end of shelf life (Marafon et al., 2011) .
Supplementation with probiotic bacteria and prebiotic ingredients represents a new option to add further value to dairy beverages, as reported in various studies on their adequacies as a food matrix (Oliveira et al., 2002; Castro et al., 2009; Zoellner et al., 2009 ) and on their health benefits, such as a decrease in blood pressure (Fluegel et al., 2010) .
One of the main objectives of the food industry is to manufacture products with good sensory acceptance. To attain this objective and overcome strong competition within the sector, products must meet the expectations of the consumer. In this context, the use of whey in the production of dairy beverages could be a promising alternative for dairy industries, because dairy beverages are viewed positively by consumers (Kreši et al., 2010) . The intrinsic human-health ben- efits of cheese whey are well known and include the prevention of cancer, increase in levels of glutathione, increase in antimicrobial function, and an increase in the satiety response (Madureira et al., 2007) . Increased amounts of whey in dairy products imply greater use of this valuable industrial by-product, with a beneficial environmental impact. In addition, it could contribute to a re-evaluation of current Brazilian legislation, based on the acceptance of dairy beverages with higher levels of whey by consumers. The whey level is not specified by Brazilian legislation for whey beverages. Cruz et al. (2010) concluded, based on consumer acceptance tests, that the shelf life of probiotic yogurts was generally greater than that presented on the label. In a recent review paper, Hough and Garitta (2012) approached the use of survival analysis as mathematical methodology to estimate shelf life of foods by correlation with sensory data.
However, information is still lacking on the most suitable level of whey that can be added to a formulation and result in adequate acceptance by consumers. For a product containing whey as a basic ingredient, this information is essential. In this context, our research aimed to evaluate the rheological properties in probiotic dairy beverages with increased whey content and to identify adequate levels of whey in the formulation, based on consumer data, by mathematical models. Three mathematical methodologies were used: survival analysis, mean global acceptance, and minimal significant difference.
MATERIALS AND METHODS

Processing of the Probiotic Beverage Formulations
Pasteurized milk (3% fat, Líder, Lobato, Brazil) and cheese whey, which was obtained during the production of Minas fresh cheese by the enzymatic coagulation process before the salting step (pH 6.26, total solids 7.12% wt/wt), were used to formulate the probiotic beverages. The inoculum was prepared using reconstituted (11% wt/vol) skim milk powder (Molico, São Paulo, Brazil), Streptococcus salivarius ssp. thermophilus (TA-40, DuPont, Copenhagen, Denmark), Lactobacillus delbrueckii ssp. bulgaricus (LB-340, DuPont), and a probiotic culture of Lactobacillus acidophilus LA-14 (DuPont). Sugar and a strawberry-flavored fruit preparation containing strawberry pulp and a natural dye (Duas Rodas Company, Jaraguá do Sul, SC, Brazil) were also added.
Six beverages were formulated, containing 0 (control), 20, 35, 50, 65, and 80% (vol/vol) whey, with the remaining volume made up with milk. Preliminary experiments indicated that these whey concentrations were appropriate for sensory tests. Sugar was added to the probiotic beverage at a concentration of 10% (wt/ vol) and the mixtures were heat-treated at 83°C for 15 min. After cooling the mixtures to 46°C, the fruit preparation was added at 1% (wt/vol), the starter culture inoculum at 1%, and the probiotic culture inoculum at 2% (vol/vol). The mixture was kept at 45°C for the fermentation process, which was stopped by cooling to 8°C when the pH value reached 4.7. The beverages were stored under refrigeration until the consumer test.
Physicochemical and Microbiological Analyses
The pH values of the raw materials (milk and whey) and of the samples were determined using a Digimed pH meter Digimed, São Paulo, Brazil) equipped with an electrode and thermo-compensator (Marshall, 1993) . The enumeration of Lb. acidophilus was carried out in duplicate using de Man, Rogosa, and Sharpe agar supplemented with 0.15% (wt/vol) of bile salts (Oxoid, São Paulo, Brazil), incubating anaerobically for 3 d at 37°C (Mortazavian et al., 2007) .
Rheological Analyses
The rheological parameters were determined using a controlled stress rate rheometer (model 1500 AR ex, TA Instruments, New Castle, DE) equipped with cone-plate geometry. The temperature of the system was set and maintained at 25°C for the flow curve and mechanical spectrum analyses. All measurements were performed in triplicate samples.
The flow curves of the whey-based probiotic beverages were determined using shear rate ranging from 0 to 300 s −1 . The dairy beverages were submitted to 3 shear-rate sweeps (up-down-up) in order to eliminate thixotropy, and the rising curves (1 and 3) were adjusted to the power-law model (Equation [1] ):
where σ is the shear stress (Pa), k is the consistency index (Pa·s n ), γ is the strain rate (s −1 ), and n is the flow index.
The oscillatory measurements were performed with 1% maximum strain, and the frequency varied from 0.01 to 10 Hz. From dynamic rheological tests in the linear viscoelastic range, the storage (or elastic) modulus (G ), the loss (or viscous) modulus (G ), and the loss factor (tan δ; G /G ) can be obtained. The G value is a measure of the deformation energy stored in the sample during the shear process, representing the elastic behavior of a sample. In contrast, the G value is a measure of the deformation energy used up in the sample during shear and lost to the sample afterward, representing the viscous behavior of a sample. Previous studies relate the calculation of these parameters for functional dairy foods processing (Debon et al., 2010 (Debon et al., , 2012 Marafon et al., 2011; Pinto et al., 2012) .
Consumer Test
Fifty-five consumers (Hough et al., 2007) of fermented dairy products were randomly selected and invited to take part in the test. The samples were presented monadically at 5 ± 1°C, served in polystyrene cups coded with 3-digit numbers, following the sample presentation design in balanced complete blocks (MacFie et al., 1989) aimed at decreasing the carryover and first-order effects. The samples were presented in individual booths illuminated with white light under controlled humidity and temperature (23°C), serving 30-mL samples to each consumer. Participants were instructed to eat a cream cracker and drink water between samples to cleanse the palate. They evaluated the samples acceptance using a 9-point hybrid hedonic scale (Drake, 2007) , where 1 = disliked extremely, and 9 = liked extremely. Panelists were also asked whether they would normally consume the product, answering with yes or no. The consumer test was carried out after samples had undergone 15 d of refrigerated storage, corresponding to half the normal commercial shelf life of such products (30 d).
Mathematical Modeling
Mean Global Acceptance. The model expressing mean global acceptance was obtained from the mean acceptance scores provided by the 55 consumers for the evaluated samples. The data were inserted on the axis of the x-y coordinates, y being the function representing the mean score of the judges as a function of the whey content of the sample (x). They were subsequently modeled using a second-order polynomial equation
where β = coefficients of the quadratic equation. Minimal Significant Difference. The maximum percentage of cheese whey that could be used in the formulation of the probiotic beverage can be estimated from the percentage of consumers who were aware of the first significant difference in sensory characteristics of the product under evaluation compared with the sample without cheese whey. The first significant difference perceived by consumers with respect to the cheese whey content can be calculated using Equation [2] (Hough et al., 2002; Ares et al., 2009) :
where S = the first significant difference in the acceptance of the product containing cheese whey; F = the acceptance of the control sample; Z α = uni-caudal coordinate of the normal curve at the α level of significance; MSE = mean square of the error derived from the ANOVA of the consumer data; and n = number of consumers. Survival Analysis. For definition purposes, one can consider any variable c (e.g., whey concentration) that is capable of causing rejection of the sample. The function F(c) or rejection function (Hough et al., 2003) is defined as the probability (P) of the consumer (or group of consumers) rejecting the product with a whey concentration (C) less than c, and is mathematically expressed as F(c) = P(C < c). The Weibull distribution (Equation [3] ) used in this study has been applied in various studies involving the determination of the sensory shelf life of processed foods, such as ricotta cheese (Hough et al., 1999) , ready-to-eat lettuce (Araneda et al., 2008) , alfajor (Gámbaro et al., 2004) , and high hydrostatic pressure-processed avocado and mango pulps (Jacobo-Velázquez et al., 2010):
where S sev ( . ) is the survival function for the lowest value of the distribution S sev (w) = exp(−e w ), and μ and σ are model parameters.
The responses of the judges were coded 1 for the response "no" and 0 for the response "yes" in response to the question "would you normally consume this product?" The data were inserted into SAS software (version 9.2, SAS Institute Inc., Cary, NC) to carry out the survival analysis.
Statistical Analysis
The data were submitted to one-way ANOVA (with sample as fixed factor) with a subsequent comparison of the means by Tukey's test.
RESULTS AND DISCUSSION
pH and Microbiological Values
In addition to enumeration of Lb. acidophilus, all samples were subjected to counts of yeasts and molds and coliforms to evaluate the hygienic or sanitary con-ditions of the process. Based on the results, we concluded that the beverages met the standards for human consumption according to the Brazilian legislation, thus allowing their use in sensory tests. Table 1 shows the pH values and Lb. acidophilus counts in whey probiotic beverages. The pH values varied from 4.09 to 4.14, suggesting the occurrence of post-acidification during storage, a phenomenon normally found in fermented dairy products. With respect to Lb. acidophilus count, all beverages presented values >8 log cfu/mL, indicating a probiotic level sufficient to provide consumer benefits and to compensate a possible reduction caused by passage through the gastrointestinal tract (Granato et al., 2010) . In accordance with Brazilian legislation, the whey drinks showed probiotic counts >10 cfu/100 mL of product. The whey content did not interfere in the viability of probiotics in the dairy beverages (P > 0.05), indicating no limit in the capacity of the probiotic strain to metabolize the peptides present in the whey. These results confirmed the technological application of fresh whey from Minas Frescal cheese as a means to develop probiotic bacteria (Almeida et al., 2008 (Almeida et al., , 2009 ). Moreover, our findings were comparable to those of other studies involving dairy beverages (Madureira et al., 2010) and to results obtained for other dairy products processed from cheese whey (Madureira et al., 2005 (Madureira et al., , 2008 (Madureira et al., , 2011a and other dairy foods, such as yogurts , cheese (Gomes et al., 2011; Escobar et al., 2012) , and ice cream (Di Criscio et al., 2010; Ferraz et al., 2012) .
Our results emphasize the potential of the whey beverage as an adequate food matrix for the supplementation with probiotic bacteria, a topic relevant to the development of probiotic dairy foods (Ranadheera et al., 2010) . A whey beverage portion size of 200 mL is established in Brazil (Brazil, 2003) , and Brazilian legislation establishes a minimum probiotic viable count of 8 to 9 log cfu/g or cfu/mL in processed foods (Brazil, 2008) ; our findings indicate probiotic counts ranging from 10.13 to 10.99 log cfu/200 mL of whey beverage. This value is comparable to those present in commercial probiotic yogurts marketed in Brazil (Danone, 2012) . Further studies covering functionality tests are needed to verify the behavior and survival of the probiotic cells throughout the gastrointestinal tract.
Rheological Analyses
Oscillatory Measurements. The mechanical spectrum of the whey-based beverages is shown in Figure  1 . The values of G showed little dependence on frequency. The beverage without cheese whey presented higher values of G , and an increasing concentration of cheese whey resulted in decreasing values of G , indicating a less structured beverage. Studies have shown that the addition of whey decreases the strength of the gel, thus increasing the viscous modulus (G ). According to Gauche et al. (2009) , replacing a percentage of cheese whey is a widely used practice in food industry. However, this substitution causes changes in the final product, such as a decrease in viscosity and an increase in syneresis, and a significant decrease in total solids, influencing the formation of a protein network in beverages.
Steady-State Measurements. Figure 2 shows the flow curves. All dairy beverages presented thixotropy and pseudoplastic behavior, as observed by Gauche et al. (2009) , who reported that yogurts without whey addition and yogurts with 20 and 30% (vol/vol) whey also exhibited thixotropic and pseudoplastic behavior. Thixotropy in particulate fragile structures, such as dairy beverages, is irreversible; that is, the network is partially destroyed under shear. The flow curves of the beverage without cheese whey and that with 20% whey presented overshoot stress, a peak shear stress at low shear rate values (Perrechil et al., 2010) . This behavior is associated with more structured and resistant networks (Riscardo et al., 2003) that break with increasing shear rates. The overshoot peaks were 28.325 ± 9.57 Pa (no addition of whey) and 19.5 ± 15.46 Pa (20% whey).
Thixotropy can be estimated using the difference between the areas under curves 1 and 2 (Steffe, 1996; Sato and Cunha, 2007) . This measure can be used as a qualitative comparison among different dairy beverages, because the energy required to partially destroy the structure of the food is proportional to the area of hysteresis (Schramm, 1998) ropy decreased when the concentration of whey protein increased. The dairy beverage without whey had a thixotropic value of about 3,200 Pa·s −1 , whereas that with 80% whey protein had a thixotropic value of 31 Pa·s −1 (almost 1% of the original value). This decrease in network strength was also observed in the oscillatory assay and can be explained by the decrease in total solids in the formulation with 80% (wt/wt) whey. Thixotropic materials exhibit decreasing shear stress over time at a fixed rate of shear. In others words, thixotropy is time-dependent thinning. The response of the substance to stress is instantaneous and the timedependent behavior is due to changes in the structure of the material itself. Plotting shear stress versus shear rate for the increasing and decreasing shear rate values can be used to generate a hysteresis loop (a difference in the up and down curves) for the material. The area between the curves depends on the time-dependent nature of the substance. Thixotropy could apply to yogurt: after being manufactured and placed in a container, yogurt slowly develops a 3-dimensional network and may be described as gel. When subjected to shear, the structure is broken down and the materials reach a minimum thickness where they exist in the sol state (Steffe, 1996) .
The curves obtained by increasing the shear rate at steady state (rising 2) were mathematically modeled using the power-law equation (Equation [1] ) and the results are shown in Table 2 . As seen in Table 2 , the beverage without whey presented a more pronounced pseudoplastic behavior: the lowest value of flow index (n) and the highest values of consistency index (k) and viscosity. With the addition of whey, the rheological behavior of beverages changed from pseudoplastic to Newtonian. This trend can be observed by high values of n (close to 1) in beverages with more a greater whey content. Table 3 shows the acceptance of the probiotic whey beverages containing different levels of whey. Whey content had an effect on consumer acceptance (P < 0.05): maximum acceptance was observed for the beverage with 35% whey (mean score of 7.0 on the 9-point hedonic scale). Greater amounts of whey resulted in lower consumer acceptance: samples with 65 and 80% whey presented mean scores of 5.7 and 5.2, respectively.
Consumer Test
A possible explanation for these results might be the astringency of the beverages with greater amounts of whey. Previous studies reported an increase in astringency of dairy beverages containing greater amounts of whey in their formulation, the pH of the beverage being one factor indicated as the cause (Lee and Vickers, 2008) . Another hypothesis is the interaction resulting from the different charges on the proteins of the saliva (Beecher et al., 2008; Vardhanabhuti et al., 2010) , although the extent of this could depend on the pH of the dairy beverage and on the buffering capacity and flow of saliva. In general, low pH values and greater flows of saliva attenuate astringency . Our results were very interesting, as the acceptance of the beverages with a high content of whey (50, 65, and 80%) did not differ (P > 0.05) from that of the control sample (no whey). In regard to using a higher amount of this subproduct, the addition of whey did not influence the acceptance of samples with whey content greater than 50% over the control sample.
Mean Global Acceptance. To determine whey contents by this method, the solutions for the Equation [5] were determined for y = 6, which is equivalent to the panelists' opinion "liked slightly." This is the first option within the acceptance region on the hedonic scale and is considered as an index or quality limit (Muñoz et al., 1992) .
Thus, the resolution of the second-order polynomial equation resulted in 2 solutions: 12 and 65% (vol/vol) whey, respectively. From Table 3 , the formulation with 35% whey had the greatest acceptance and did not differ from the formulation with 20% whey (P < 0.05). Therefore, differences existed between the results obtained by sensorial analysis and those estimated by mathematical models. For example, the solutions of the mean global acceptance equation for acceptance (y = 6) were 12 and 65% whey. However, the real acceptance score of the sample with 65% was 5.7, which explains the difference between real and estimated values, because none of the mathematical models showed the 35% whey beverage as the sample with the highest sensory acceptance. . . , confirming the conservative nature of this methodology, because this was the lowest value found for the optimal whey concentration to be added to the probiotic dairy beverage. Similar results were obtained in the optimization of the concentration of hydrolyzed lactose in the manufacture of fudge (Giménez et al., 2008) . Survival Analysis. The survival analysis methodology was used to estimate the maximum concentration of cheese whey, using the results obtained from the consumers when asked if they would normally buy the samples with different concentrations of cheese whey. Because no statistical tests exist to compare the quality of fit of different parametric models used for the interval-censored data, a visual evaluation of the parametric models was used for the nonparametric estimate to choose the most adequate model (Figure 4) .
Minimal
Because the Weibull and LLogistic distributions both presented adequate fits, the Weibull distribution was chosen. The estimates for the maximum likelihood for the Weibull distribution parameters corresponded to μ = 3.98 and σ = 0.26. These parameters were used to draw a graph of the percentage rejection by the consumers as a function of the percentage of cheese whey present in the dairy beverage ( Figure 5 ). As shown in Figure 5 , we observed a directly proportional relationship between whey concentration and rejection by the Values in the same column followed by different superscript letters differ according to the Tukey test (P < 0.05). 1 n = flow index, k = consistency index, η = viscosity. Evaluated on a 9-point hybrid hedonic scale from 1 = disliked extremely to 9 = liked extremely.
consumer, with respect to buying the beverages, confirming the results of the consumer test. Previous studies reported the use of survival analysis in development of dairy products. Cruz et al. (2010) used survival analysis to estimate the shelf life of probiotic yogurts. Those authors found that shelf life was 38 and 53 d for probabilities of consumer rejection of 25 and 50%, respectively, by Weibull distribution model. Giménez et al. (2008) measured the change in sensory acceptance of dulce de leche depending on the level of lactose hydrolyzed. The survival analysis and minimum significant difference models showed similar results to estimate the concentration of lactose hydrolyzed in dulce de leche.
Considering 25 and 50% rejection by the consumers, the survival analysis indicated values of 40% and 49% whey in the formulations, respectively. Nevertheless, considering the elevated nutritional quality of the whey, the need to reduce the costs of the formulation, and the need to minimize the emission of polluting substances, the use of cheese whey meets the needs of the food industry. An analysis of the results presented by the different mathematical methodologies allowed for the selection of 2 probiotic beverage formulations: the first, determined by the survival analysis, contained 49% cheese whey in its formulation, and the second, determined by the mean global acceptance, contained 65% whey. Thus, we attempted to reconcile the reaction of consumers when exposed to these products (a determinant factor in the first acquisition of a product) and consumer loyalty to the brand, while meeting current demands of the dairy industry.
Future studies should include the use of descriptive sensory tests to determine the sensory profile of the lactic beverages compared with similar commercial products, and to adopt methodologies to verify consumer perception of these products.
CONCLUSIONS
Increasing the level of cheese whey caused a decrease in hysteresis area; however, no significant difference was observed in the hysteresis of the samples with 0 and 20% whey. Replacement of casein by whey protein caused a reduction in gel strength. The mathematical methodologies used to develop the probiotic whey beverages were adequate, and the differences found were caused by intrinsic characteristics of the methods in obtaining results. The principal aim was to maximize the use of the industrial by-product cheese whey while meeting the demands of consumers. Probiotic dairy beverages could be produced with 49% (obtained by the survival analysis methodology) and 65% (obtained by the mean global acceptance methodology) cheese whey, respectively. It is possible to increase the whey content in probiotic dairy beverages without negatively affecting functionality and acceptability, thus making better use of this by-product.
